Differential ability of cholesterol-enriched and gel phase domains to resist benzyl alcohol-induced fluidization in multilamellar lipid vesicles  by Maula, Terhi et al.
Biochimica et Biophysica Acta 1788 (2009) 2454–2461
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbamemDifferential ability of cholesterol-enriched and gel phase domains to resist benzyl
alcohol-induced ﬂuidization in multilamellar lipid vesicles
Terhi Maula ⁎, Bodil Westerlund, J. Peter Slotte
Department of Biochemistry and Pharmacy, Åbo Akademi University, Turku, FinlandAbbreviations: BA, benzyl alcohol; DOPC, 1,2-dioleoyl
DPH, 1,6-diphenyl-1,3,5-hexatriene; DPPC, 1,2-dipalmit
line; PCer, D-erythro-N-palmitoyl-ceramide; PGalCer, D-e
ceramide; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-pho
N-palmitoyl-sphingomyelin; Tm, gel-to-liquid phase
trans-parinaric acid
⁎ Corresponding author. Tel.: +358 2 2154001; fax: +
E-mail address: terhi.kuru@abo.ﬁ (T. Maula).
0005-2736/$ – see front matter © 2009 Elsevier B.V. A
doi:10.1016/j.bbamem.2009.08.024a b s t r a c ta r t i c l e i n f oArticle history:
Received 2 July 2009
Received in revised form 17 August 2009
Accepted 31 August 2009
Available online 17 September 2009
Keywords:
Benzyl alcohol
Membrane ﬂuidity
Steady-state ﬂuorescence anisotropy
trans-parinaric acid
1,6-diphenyl-1,3,5-hexatrieneBenzyl alcohol (BA) has a well-known ﬂuidizing effect on both artiﬁcial and cellular membranes. BA is also
likely to modulate the activities of certain membrane proteins by decreasing the membrane order. This
phenomenon is presumably related to the ability of BA to interrupt interactions between membrane proteins
and the surrounding lipids by ﬂuidizing the lipid bilayer. The components of biological membranes are
laterally diversiﬁed into transient assemblies of varying content and order, and many proteins are suggested
to be activated or inactivated by their localization in or out of membrane domains displaying different
physical phases. We studied the ability of BA to ﬂuidize artiﬁcial bilayer membranes representing liquid-
disordered, cholesterol-enriched and gel phases. Multilamellar vesicles were studied by steady-state
ﬂuorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene and trans-parinaric acid, which display different
phase partitioning. Domains of different degree of order and thermal stability showed varying abilities to
resist ﬂuidization by BA. In bilayers composed of mixtures of an unsaturated phosphatidylcholine, a
saturated high melting temperature lipid (sphingomyelin or phosphatidylcholine) and cholesterol, BA
ﬂuidized and lowered the melting temperature of the ordered and gel phase domains. In general,
cholesterol-enriched domains were more resistant to BA than pure gel phase domains. In contrast, bilayers
containing high melting temperature gel phase domains containing a ceramide or a galactosylceramide
proved to be the most effective in resisting ﬂuidization. The results of our study suggest that the ability of BA
to affect the ﬂuidity and lateral organization of the membranes was dependent on the characteristic features
of the membrane compositions studied and related to the intermolecular cohesion in the domains.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Benzyl alcohol (BA), also referred to as benzenemethanol or
phenylmethanol, is a naturally occuring organic compound that is
commonly found in many plants, fruits and teas. Due to its polarity
and low toxicity, BA is used as a general solvent and as a carrier
solvent for ﬂavoring substances in some foods and beverages and as a
preservative in cosmetic industries. It is also used as a local anesthetic
[1,2] and in intravenous medications at low concentrations [3]. In the
context of membrane biology, BA is generally referred to as a
membrane ﬂuidizer due to its ability to increase the ﬂuidity and to
decrease the order of bilayer membranes such as artiﬁcial lipid
bilayers and cellular membranes. The BA-induced disordering of lipid
bilayers has been measured by several techniques including capac--sn-glycero-3-phosphocholine;
oyl-sn-glycero-3-phosphocho-
rythro-N-palmitoyl-galactosyl-
sphocholine; PSM, D-erythro-
transition temperature; tPA,
358 2 2154745.
ll rights reserved.itance and conductance [4], electron spin resonance [5,6], NMR [7],
differential scanning calorimetry [8] and ﬂuorescence polarization
[8,9]. X-ray studies have shown that BA can induce an interdigitated
phase in bilayers [10], and the compound has been reported to
localize in the interfacial region of a bilayer with the hydroxyl group
oriented in the polar head group region and the benzene ring towards
the membrane hydrophobic core [7].
In addition to increasing disorder among lipids in both model and
biological membranes, BA is able to affect also other properties of
biological membranes. In erythrocytes, BA has been shown to cause
concentration-dependent shape changes from the normal discocyte
shape to abnormal stomatocytic and echinocytic shapes [11,12]. In
Trypanosoma brucei membranes, BA increased the activity of adeny-
late cyclase by increasing the binding of Ca2+ to the membranes [13].
Later, it was shown that BA stimulated the activity of adenylate
cyclase also inmembranes of bovine adrenal cortex [14] and in striatal
membranes [15]. In addition, BA has been reported to progressively
activate several rat liver plasma membrane enzymes [6]. In rat liver
Golgi membranes, on the contrary, BA inhibited several different
glycosyltransferases [16].
Cellular membranes are heterogenous in nature and the distribu-
tion of membrane lipids and proteins varies not only between the two
2455T. Maula et al. / Biochimica et Biophysica Acta 1788 (2009) 2454–2461leaﬂets of the bilayer membrane but also laterally within one leaﬂet
resulting in formation of distinct membrane domains. Lateral
segregation of membrane lipids and proteins in cell membranes has
been suggested to have important roles in many cellular processes
such as compartmentalization of signal transduction to distinct
membrane regions according to the needs of the cell. Lipid rafts are
believed to constitute a group of such domains (for a review on lipid
rafts and their function, see references within [17–19]). Transient
formation of rafts and transfer of proteins between rafts and other
regions in membranes are regarded as important steps in activation of
cellular signaling cascades, and lipid rafts are believed to take part in
regulation of membrane protein activity by offering an appropriate
environment for the proteins to be activated or inactivated.
Interestingely, some of the proteins whose activity is altered by BA-
induced increase in membrane ﬂuidity have also been shown to be
regulated by their localization in detergent insoluble cholesterol-
enriched membrane domains. Such proteins are, e.g., acetylcholine
receptors [20–22] and some subtypes of Na+/H+-exchangers [23–25]
and adenylate cyclases [13–15,26–28].
BA has been reported to induce destabilization of sterol-rich
domains formed by sphingomyelin and cholesterol in artiﬁcial
bilayers [29]. Hence, the ability of BA to affect the activity of certain
membrane proteins could depend on the lateral localization of the
proteins within amembrane aswell as on the ability of BA to affect the
interactions between the proteins and the surrounding lipids in the
domains. The effects of BA on membrane proteins have, indeed, been
suggested to occur via modulation of the lipid environment
surrounding the membrane proteins. Supporting the hypothesis, a
BA-induced increase in membrane ﬂuidity of ﬁbroblasts transfected
with the Na+/H+ exchangers NHE1 and NHE3 decreased the speciﬁc
activities of both NHE1 and NHE3 [23]. The inhibition did not involve a
collapse of the pH gradient, irreversible damage to the proteins or
direct binding of BA to the active site of the exchangers. This
inhibitory effect was presumably selective, as the membrane ion
transporter protein Na+K+–ATPase was not affected similarly.
We have studied the effect of BA on the thermal stability of bilayers
presenting the different physical phases believed to exist in biological
membranes. A variety of multilamellar bilayer vesicles composed of
single lipid species or mixtures of an unsaturated and a saturated
phospholipid were studied. We have measured the steady-state
ﬂuorescence anisotropy of two ﬂuorescent probes, trans-parinaric
acid (tPA) and 1,6-diphenyl-1,3,5-hexatriene (DPH) in simple or
complex membranes as a function of BA exposure. We found that the
bilayer lipid composition markedly affected how BA was able to affect
lateral order and membrane ﬂuidity. We demonstrate that gel phase
domains enriched in ceramide or galactosylceramide were more
stable against BA-induced ﬂuidization than other gel phase or ordered
domains.
2. Materials and methods
2.1. Materials
D-Erythro-N-palmitoyl-sphingomyelin (PSM) was puriﬁed from
egg yolk sphingomyelin (Avanti Polar Lipids, Alabaster, AL) by
reverse-phase HPLC (Supelco Discovery C18-column, Bellefonte, PA,
dimensions 250× 21.2 mm, 5 μm particle size) with methanol as
the mobile phase (ﬂow 9 ml/min) and UV detection at 203 nm.
Identity and purity of the product were veriﬁed by mass
spectrometry on a Micromass Quattro II mass spectrometer
(Manchester, UK). 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphocho-
line (POPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
1,2-palmitoyl-sn-glycero-3-phosphocholine (DPPC) were purchased
from Avanti Polar Lipids. Cholesterol and BA were from Sigma
Chemicals (St. Louis, MO). D-Erythro-N-palmitoyl-ceramide (PCer)
was from Larodan Fine Chemicals (Malmö, Sweden).D-Erythro-N-palmitoyl-galactosylceramide (PGalCer) was synthe-
sized from palmitic anhydride (Sigma Chemicals) and D-galactosyl-
β1-1′-D-erythro-sphingosine (lyso-GalCer, Avanti Polar Lipids)
according to a procedure based on a previously published method
by Cohen and coworkers [30]. Shortly, 7 μmol of lyso-GalCer, 70 μmol
of palmitic anhydride and 5 μl of triethylamine were dissolved in
500 μl of dry dichloromethane:methanol (4:1 by volume). The
reaction was carried out at room temperature for 4 h. The product
was then puriﬁed by reverse-phase HPLC with methanol as the eluent
(ﬂow 9 ml/min) and UV detection at 203 nm and ﬁnally positively
identiﬁed by mass spectrometry. All lipid stock solutions were
prepared in hexane:2-propanol (3:2 by volume), stored in the dark
at −20 °C and warmed to ambient temperature before use.
DPH was from Molecular Probes (Eugene, OR). tPA was produced
by iodine-catalyzed isomerization of cis-parinaric acid (Cayman
Chemical Company, Ann Arbor, MI) based on the method by Sklar
and coworkers [31]. The product was puriﬁed by reverse-phase HPLC
with methanol:water:acetic acid (900:50:3 by volume) as the mobile
phase and detection at 305 nm and positively identiﬁed by mass
spectrometry. tPA was stored dry under argon in the dark at −87 °C
until dissolved in methanol and used immediately. DPH stock solution
was prepared in methanol and stored in the dark at −20 °C. The
concentration of the ﬂuorophores was determined bymeasuring their
absorbance in methanol. According to previously reported extinction
coefﬁcients, i.e., 88,000 cm−1 M−1 at 350 nm for DPH (reported by
the vendor) and 92,000 cm−1 M−1 at 299 nm for tPA [32], the
measured absorbances were converted to concentrations.
2.2. Preparation of multilamellar vesicles
Vesicles for steady-state ﬂuorescence measurements were pre-
pared at a lipid concentration of 100 μM by mixing the lipids and the
probes at the desired molar ratio (1 mol-% tPA or 0.25 mol-% DPH of
total lipid) and drying the mixtures ﬁrst under nitrogen and then in
vacuum for 1 h. The dry lipids were then heated in a water bath at a
temperature above the gel-to-liquid phase transition temperature
(Tm) of the lipid component with the highest transition temperature.
The lipids were then hydrated at the same temperature in argon-
purged water for 15 min and then vortexed and re-heated alternately
a few times. Finally, the lipid mixtures were sonicated for 5 min in a
bath sonicator (Branson 2510, Branson Ultrasonics, Danbury, CT)
above the Tm of the lipid component with the highest transition
temperature. The samples were cooled down to 14 °C before starting
the ﬂuorescence measurements. The water used for sample prepara-
tion was puriﬁed by reverse osmosis followed by passage through a
Millipore UF Plus water-puriﬁcation system (Millipore, Billerica, MA).
Argon-saturated water was used to minimize oxidation of the probes.
2.3. Steady-state ﬂuorescence measurements
Steady-state ﬂuorescence measurements were performed on a PTI
QuantaMaster-1 spectroﬂuorometer (Photon Technology Internation-
al, Lawrencewill, NJ) operating in the T-format. The measurements
were performed in quartz cuvettes and the excitation and emission
slits were set to a width of 5 nm. Throughout the measurements, the
samples were kept under constant stirring and the temperature in the
samples was controlled by a Peltier elementwith a temperature probe
immersed in the sample. During the measurements, the samples were
heated at a rate of 2 °C/min and ﬂuorescence emission of DPH or tPA
was continuously scanned. Intensity of DPH ﬂuorescence emission
was detected with excitation and emission wavelengths at 360 and
430 nm, respectively, while tPA ﬂuorescence emission intensity was
detected with excitation and emission wavelengths at 305 and
405 nm, respectively. In BA-treated samples, the compound was
added to the vesicle solutions immediately prior to starting the
measurements. The steady-state anisotropy, r, was determined as
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converted to anisotropy values with the PTI FeliX32 software.
Throughout sample preparation and ﬂuorescence measurements,
the samples were well protected from light. All experiments were
repeated independently at least two times and the results shown are
from representative experiments.
3. Results
3.1 BA induced a mild ﬂuidization of pure liquid-disordered phases and
decreased the Tm of pure gel phase bilayers
The effect of BA on the ﬂuidity and thermal stability of bilayers
composed of single lipid species was studied bymeasuring the steady-
state anisotropy of DPH as a function of increasing temperature. Two
unsaturated lipids of low Tm, POPC and DOPC (Fig. 1A, C), and two
saturated lipids of high Tm, PSM and DPPC (Fig. 1B, D), were analyzed.
Due to the low melting temperatures of the unsaturated phosphati-
dylcholines (−2.5 and −20 °C for POPC [34] and DOPC [35],
respectively), no transition was observed for these lipids in the
examined temperature interval. For the unsaturated phosphatidyl-
cholines, DPH reported a mild decrease in the overall anisotropy as
the acyl chains of the lipids in the bilayers became more loosely
packed at higher temperatures. In contrast, for the saturated PSM and
DPPC, DPH reported the gel-to-liquid phase transition as a steep
decrease in anisotropy at ∼41 °C, which is in agreement with
previously published melting temperatures for PSM [36,37] and
DPPC [35].
Addition of 40 mM BA to the vesicle solutions resulted in a
slightly decreased anisotropy of DPH both in POPC and DOPC bilayers
(Fig. 1A, C), indicating a modest ﬂuidization by BA of the bilayers
over the temperature range of the experiment. In PSM and DPPC
bilayers (Fig. 1B, D), the addition of 40 mM BA decreased the Tm
of the lipids. The effect was, however, more prominent in PSM
(a decrease of ∼8 °C) than in DPPC (a decrease of ∼5 °C) as measured
from the midpoint of the phase transition. The transition of PSM was
also made broader by BA. On the other hand, the disordering effect ofFig. 1. Effect of BA onmultilamellar vesicles composed of POPC, PSM, DOPC or DPPC. The
steady-state ﬂuorescence anisotropy (r) of DPH (0.25 mol-%) in 100 μM vesicles of (A)
POPC, (B) PSM, (C) DOPC and (D) DPPC was measured as a function of increasing
temperature and BA exposure (40 mM). Representative anisotropy curves for several
independently repeated experiments are shown for the control vesicles (black lines)
and the vesicles for which BA was added just before starting the measurements (gray
lines).BA on the gel phases, seen as a decrease in anisotropy of DPH before
the phase transition, was more apparent on the DPPC gel phase than
on the PSM gel phase.
3.2. BA caused a thermal destabilization of PSM gel phase domains in
liquid-disordered bilayers
Since BA had been shown to have a ﬂuidizing effect on lipid
bilayers composed of single lipid species, we then studied the effect of
BA onmixtures of PSM and a ﬂuid phoshatidylcholine. In 60:30 (molar
ratio) mixtures of POPC:PSM or DOPC:PSM, PSM will form gel phase
domains [38–40]. We studied the effect of BA on the anisotropy of tPA
(Fig. 2A, B) and DPH (Fig. 2C, D) in mixed bilayers of POPC:PSM (Fig.
2A, C) and DOPC:PSM (Fig. 2B, D). tPA partitions preferentially into gel
phase domains [41], whereas DPH is evenly distributed between gel
and ﬂuid phases. Incorporation of PSM into a ﬂuid bilayer composed of
POPC or DOPC resulted in an overall increase in average order in the
bilayers, as reported by DPH anisotropy (Fig. 2C, D), compared to
control vesicles (Fig. 1A, C).
BA ﬂuidized the PSM gel phase domains both in POPC:PSM
(Fig. 2A) and in DOPC:PSM (Fig. 2B). This was observed as a decrease
in the anisotropy of tPA at lower temperatures as well as a decrease in
the temperature at which the PSMgel phase domainsmelted. The PSM
gel phase domains were, however, affected more when present in
DOPC than in POPC. Compared to the pure PSMgel phase forwhich the
Tm was lowered by ∼8 °C by BA (Fig. 1B), the PSM gel phase was less
affected by BAwhen present in ﬂuid bilayers (a decrease of ∼3–5 °C as
measured from the approximated end point of transition of the PSM
gel phase domains as reported by tPA). The ﬂuorescence signal
intensity of tPA decreased to near zero at temperatures above the Tm.
Therefore, the calculated steady-state anisotropy for this probe above
Tm is more or less unreliable DPH reported a general ﬂuidization of the
binary bilayers at low temperatures (Fig. 2C, D), but it also reported a
ﬂuidization of the ﬂuid phase at higher temperatures.Fig. 2. Effect of BA on a PSM gel phase formed in liquid-disordered vesicles. The ability of
40mMBA to ﬂuidize multilamellar vesicles composed of (A, C) POPC:PSM (60:30molar
ratio) and (B, D) DOPC:PSM (60:30 molar ratio) was studied by measuring the steady-
state ﬂuorescence anisotropy of (A, B) tPA (1 mol-%) and (C, D) DPH (0.25 mol-%) as a
function of increasing temperature. Representative anisotropy curves for several
independently repeated experiments are shown for the control vesicles (black lines)
and the BA-containing vesicles (gray lines), which were prepared separately for
measurements with the two probes. BA was added to the vesicle solutions just before
starting the measurements.
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the resistance of the bilayers to ﬂuidization by BA
The observation that BA was able to ﬂuidize gel phase domains in
ﬂuid bilayers raised the questionwhether incorporation of cholesterol
and subsequent formation of cholesterol-enriched domains could
alter the effects of BA. Ordered domains enriched in cholesterol in
general have quite high melting temperatures [42]. This was seen also
in Fig. 3 where addition of 10 mol-% of cholesterol into bilayers
composed of 30 mol-% of PSM together with 60 mol-% of either POPC
(Fig. 3A, E) or DOPC (Fig. 3B, F) resulted in stabilization of ordered
domains when compared to the bilayers lacking cholesterol (Fig. 2).
The cholesterol-enriched ordered domains formed by cholesterol and
PSMwere, however,more stable than the ones formedwhen 10mol-%
cholesterol was added into bilayers composed of 30 mol-% of DPPC
togetherwith 60mol-% of POPC (Fig. 3C, G) or DOPC (Fig. 3D, H),which
is consistent with a previous study [42]. The increased thermal
stability of DPPC:cholesterol domains in the DOPC vesicles (Fig. 3D)
compared to the POPC vesicles (Fig. 3C), as reported by tPA, was also
less apparent than with PSM (Fig. 3A, B).
The tPA anisotropy at low temperatures in the cholesterol-
enriched domains (Fig. 3A–D) was slightly lower than in the PSM
gel phase domains (Fig. 2A, B), indicating higher molecular order in
the gel phase than in the cholesterol-enriched domains. In contrast,
the DPH anisotropy at low temperatures was increased in the
cholesterol-containing bilayers (Fig. 3E–H) compared to the bilayers
lacking cholesterol (Fig. 2C, D), indicating that DPH was able to
partition more into the cholesterol-enriched domains compared to
domains in the gel phase.
As shown in Fig. 3, the tPA anisotropy in the ternarymixed bilayers
reported a ﬂuidity change induced by BA at low temperatures. The
melting of both the PSM:cholesterol domains and the DPPC:
cholesterol domains was lowered by about 5 °C, when deﬁned from
the temperature of the end point of the phase transition. Compared to
the binary bilayers lacking cholesterol (Fig. 2A, B), the decrease in
both ﬂuidity and the end temperature of the phase transition were
less affected by BA in the presence of cholesterol. As reported by DPH,
also the overall anisotropy of the bilayers containing cholesterol-
enriched domains (Fig. 3E–H) was decreased by addition of BA. TheFig. 3. Effect of BA on sterol-enriched domains formed by PSM or DPPC together with choles
measuring the steady-state ﬂuorescence anisotropy of (A–D) tPA (1 mol-%) and (E–H) DPH (
vesicles was 60:30:10 for all following compositions: (A, E) POPC:PSM:cholesterol, (B, F) DO
Representative anisotropy curves for several independently repeated experiments are showeffect was however weaker than in the bilayers lacking cholesterol
(Fig. 2C, D), indicating increased resistance of the bilayers to BA-
induced ﬂuidization by incorporation of cholesterol. Of all the
cholesterol-enriched domains studied, the DPPC:cholesterol domains
in POPC vesicles (Fig. 4C) appeared most sensitive to BA-induced
ﬂuidization.
3.4. Reduced ability of BA to ﬂuidize bilayers containing PCer
Long-chain ceramides are known to stabilize artiﬁcial bilayers
composed of other, more ﬂuid lipids, through the formation of gel
phases of high molecular order [41,43–45]. Since the thermally more
stable cholesterol-enriched domains were less affected by BA than the
PSM gel phase domains, we studied whether ceramide incorporation
into similar bilayers could result in increased resistance of the bilayers
against BA-induced ﬂuidization.
In line with a previous study [46], PCer-induced gel phase domain
formation, as reported by tPA anisotropy, when 15 mol-% of PCer (Tm
above 90 °C [47,48]) was incorporated into bilayers composed of
60:15 (molar ratio) mixtures of either POPC:PSM (Fig. 4A) or DOPC:
PSM (Fig. 4B). The gel phase domains formed by PSM and PCer in
these mixtures had a higher melting temperature than PSM gel phase
domains as reported by tPA. In the presence of cholesterol, i.e., when
PCer was added to 60:15:10 mixtures of either POPC:PSM:cholesterol
(Fig. 4C) or DOPC:PSM:cholesterol (Fig. 4D), the domains formed
were not as thermally stable as in the absence of cholesterol. As can
be seen from the very low anisotropy of DPH in all the PCer-
containing bilayers (Fig. 4E–H), DPH was excluded from the
ceramide-enriched regions, which is in agreement with a previous
study [46]. The anisotropy of DPH was, however, sligthly higher in
the PCer-containing bilayers in the presence of cholesterol.
In none of themixtures containing PCer (Fig. 4A–D) could addition
of 40 mM BA into the vesicle solutions cause a similar decrease in the
order of the PCer-containing gel phase domains as in the other
mixtures. Instead, BA shifted the onset and offset temperatures for the
melting of the PCer-containing gel phase domains towards somewhat
lower temperatures. The total effect of BA on the melting of the PCer-
containing gel phase domains was smaller than on PSM gel phase
domains (Fig. 2) or on cholesterol-enriched domains (Fig. 3). DPH, interol. The ability of 40 mM BA to ﬂuidize multilamellar ternary vesicles was studied by
0.25 mol-%) as a function of increasing temperature. The molar ratio of the lipids in the
PC:PSM:cholesterol, (C, G) POPC:DPPC:cholesterol and (D, H) DOPC:DPPC:cholesterol.
n for the control vesicles (black lines) and the BA-containing vesicles (gray lines).
Fig. 4. Effect of BA on bilayers containing PCer, a gel phase forming lipid, in the absence and presence of cholesterol. The ability of 40 mM BA to ﬂuidize multilamellar vesicles
consisting of ternary (60:15:15 molar ratio) mixtures of (A, E) POPC:PSM:PCer and (B, F) DOPC:PSM:PCer and quaternary (60:15:15:10 molar ratio) mixtures of (C, G) POPC:PSM:
PCer:cholesterol and (D, H) DOPC:PSM:PCer:cholesterol was studied bymeasuring the steady-state ﬂuorescence anisotropy of (A–D) tPA (1mol-%) and (E–H) DPH (0.25mol-%) as a
function of increasing temperature. Representative anisotropy curves for several independently repeated experiments are shown for the control vesicles (black lines) and the
BA-containing vesicles (gray lines).
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of the PCer-containing bilayers (Fig. 4E–H). The effect was, however,
more pronounced in the presence of cholesterol.
3.5. Presence of PGalCer in the bilayers diminished the ability of BA to
ﬂuidize ordered domains
The reduced ability of BA to ﬂuidize PCer-containing gel phase
domains led us to study the inﬂuence of incorporating PGalCer, a long-
chain galactosylceramide, into the bilayers instead of PCer. PGalCer
differs from PCer only at the head group region which in PCer consists
of a hydroxyl group, in contrast to the galactosyl-sugar group of
PGalCer. PGalCer (Tm ∼82 °C [49]) has previously been shown to form
thermally stable, ordered membrane domains in mixtures with other
lipids [50]. Consistentwith that study,we saw that PGalCer (15mol-%)
had a stabilizing effect on domains. Addition of PGalCer into 60:15
(molar ratio) mixtures of POPC:PSM and DOPC:PSM (Fig. 5A and B,
respectively) resulted in the formation of thermally more stable
ordered domains than the PSM gel phase domains in the binary
mixtures (Fig. 2A, B). The incorporation of PGalCer into 60:15:10
mixtures of POPC:PSM:cholesterol and DOPC:PSM:cholesterol (Fig. 5CFig. 5. Effect of BA on bilayers containing the galactosylceramide PGalCer in the absence a
consisting of ternary (60:15:15 molar ratio) mixtures of (A, E) POPC:PSM:PGalCer and (B, F)
PSM:PGalCer:cholesterol and (D, H) DOPC:PSM:PGalCer:cholesterol was studied by measu
(0.25 mol-%) as a function of increasing temperature. Representative anisotropy curves for
lines) and the BA-containing vesicles (gray lines).and D, respectively) also resulted in a stabilisation of the cholesterol-
enriched domains. The PGalCer-induced thermal stabilization of
ordered domains was, however, less pronounced than that induced
by PCer (Fig. 4A–D).
The effect of the 40-mM BA on tPA anisotropy in ternary mixtures
with PGalCer (Fig. 5A, B) differed from the effect of BA on the other
bilayers studied throughout this work. Addition of BA into these
mixtures resulted in a smaller decrease in the anisotropy at low
temperatures than in the bilayers lacking PGalCer (Fig. 2A, B). At
temperatures higher than 40 °C, the anisotropy of tPA remained at a
higher level in the BA-containing than in the control samples. Addition
of BA into the PGalCer-containingbilayers in thepresenceof cholesterol
(Fig. 5C, D) neither ﬂuidized the ordered domains nor lowered the
phase transition temperature of the domains. The anisotropies of tPA
were nearly identical in the control vesicles and in the BA-containing
vesicles for the domains into which tPA partitioned.
The overall anisotropy of DPH was increased in the bilayers
containing PGalCer (Fig. 5E–H) compared to bilayers containing PCer
(Fig. 4E–H), indicating that DPH was not completely excluded from
ordered domains in the PGalCer-containing bilayers. As indicated
by the DPH anisotropy, BA induced a disordering of the PGalCer-nd presence of cholesterol. The ability of 40 mM BA to ﬂuidize multilamellar vesicles
DOPC:PSM:PGalCer and quaternary (60:15:15:10 molar ratio) mixtures of (C, G) POPC:
ring the steady-state ﬂuorescence anisotropy of (A–D) tPA (1 mol-%) and (E–H) DPH
several independently repeated experiments are shown for the control vesicles (black
2459T. Maula et al. / Biochimica et Biophysica Acta 1788 (2009) 2454–2461containing bilayers at temperatures where ordered domains were
present.
4. Discussion
The aim of this study was to explore the ability of BA to ﬂuidize
lipid bilayers where domains of varying composition and degree of
molecular order exist. Previously it has been shown, by exploiting
several different techniques, that BA decreases the order of both
artiﬁcial and biological bilayer membranes [4–10]. In the light of
present knowledge about the lateral heterogeneity of bilayer
membranes composed of mixtures of different lipids, a comparison
of the effect of BA on the ﬂuidity and thermal stability of different
domains was conducted by measuring the steady-state anisotropy of
tPA and DPH in a variety of multilamellar vesicles. Due to the
differences in the lateral distribution of tPA and DPH in certain lipid
bilayers, these two probes can be used to give complementary
information. tPA has previously been shown to have a preference for
gel phases [41], which was also observed in this study. In general, in
the vesicles studied in this work, tPA reported on the ﬂuidity and the
thermal stability of domains of high degree of order such as pure gel
and cholesterol-enriched domains. DPH, which partitions evenly
between most of the domains studied, in turn, reported on the
average bilayer ﬂuidity, with the exception of the PCer-containing
bilayers [41,51].
Our results on the ability of BA to ﬂuidize bilayers composed of
single lipid species (Fig. 1) clearly demonstrate that BA is effective in
ﬂuidizing bilayers in both ﬂuid and gel state. However, no effect of BA
was observed on the gel phase lipids at low temperatures, which is in
agreement with the study of Chen and coworkers [8] who reported
that amuch higher concentration of BAwas required to disorder DPPC
bilayer vesicles at 25 °C (below the Tm) than at 50 °C (above the Tm) as
measured by ﬂuorescence polarization. In our study, a clear shift in
the Tm of PSM and DPPC was caused by BA. In DPPC bilayers, BA was
further able to ﬂuidize the lipid hydrocarbon chains after the phase
transition.
It should be noted that in some studies, BA concentrations below
the one used in this study have been able to reduce the Tm of DPPC
bilayers even more than was shown here [8,52,53]. However, factors
such as the purity of lipids and differences in preparation of bilayers
could result in BA having varying effects even on bilayers of the same
composition. In contrast, vesicle size or multilamellarity ought not to
affect the ability of BA to ﬂuidize membranes, as the magnitude of the
BA effect was nearly identical irrespective of the vesicle preparation
method (bath sonication, extrusion or ethanol injection, data not
shown).
In bilayers containing two or more components, BA was able to
ﬂuidize ordered domains and decrease their resistance to tempera-
ture induced melting. The miscibility of the ﬂuid phase lipids, i.e.,
POPC or DOPC, with the lipids forming the gel phase and the
cholesterol-enriched domains varied [38,40]. The PSM gel phase
domains were affected more by BA in a DOPC environment than in
POPC, probably due to PSM forming a purer gel phase in the DOPC
containing vesicles (Fig. 2).
Presence of cholesterol and the formation of cholesterol-enriched
domains in general decreased the effect of BA on ﬂuidity and domain
melting in both ternary and quaternary mixed bilayers (Figs. 3–5).
Similar stabilization of DPPC and eggPC bilayers by cholesterol was
observed by Colley and Metcalfe [54] in a study which compared the
binding of BA to bilayers in the absence and presence of cholesterol. A
marked decrease in binding of BA was observed for both DPPC and
eggPC inmixtures with cholesterol. In spite of the cholesterol-induced
stabilization of the bilayers and a possible decreased binding of BA
to the bilayers, we observed a clear ﬂuidization of the cholesterol-
enriched domains by BA. A decrease in the melting temperature of
sterol-enriched domains in POPC:PSM:cholesterol-bilayers in thepresence of BA has been reported also by a ﬂuorescence quenching
method, using the ﬂuorescent cholesterol-derivative cholestatrienol
and the quencher 7SLPC (a spin-labeled phosphatidylcholine) [29]. Of
all the cholesterol-enriched domains in our study, the DPPC:
cholesterol domains in POPC vesicles appeared most sensitive to
BA-induced ﬂuidization. Both the higher thermal stability and
increased resistance to BA of the PSM:cholesterol domains compared
to the DPPC:cholesterol domains could depend on speciﬁc molecular
interactions between PSM and cholesterol resulting in more stable
domains.
We also found that gel phase domains enriched in PCer or PGalCer
were more stable against BA-induced ﬂuidization than other gel
phase or ordered domains. PCer seemed to be able to induce an
overall stabilization of the bilayers, increasing the resistance to BA-
induced ﬂuidization both (directly) in the gel phase domains and
(indirectly) in the more ﬂuid phase (Fig. 4). The exclusion of DPH
from the PCer-enriched domains indicated that these were very
tightly packed. Tightly packed gel phase domains formed by long-
chain ceramides have recently been reported in similar membranes
also by others [46,55–57]. The melting temperature of the PCer-
enriched gel phase in this study was affected only weakly by BA,
indicating that BA had difﬁculty to enter the tightly packed domains.
The effect observed in the ternary mixtures with PGalCer, in turn,
was indicative of the presence of ordered or gel phase domains of a
different nature (Fig. 5). PGalCer allowed DPH to be more evenly
distributed within the bilayers, resulting in increased overall
anisotropy of DPH compared to bilayers that contained PCer. PGalCer
seemed to be more miscible with PSM and cholesterol than PCer,
which has been seen also before [50,58]. The PGalCer-containing
domains in the quaternary mixtures, although thermally less stable
than the PCer gel phase domains, were able to fully resist ﬂuidization
by BA.
The abundance of ceramides in the stratum corneum of the skin
and galactosylceramides in brain and nervous tissues and in the
myelin sheath of axons implies that the biological function of these
lipids could be to form stable, protective barriers. Ceramides and
glycosphingolipids have also been suggested to affect the lateral
distribution of bioactive components in cellular signaling processes by
formation of membrane microdomains [59–62]. Since BA showed
little effect on the degree of order and the melting temperature of
domains containing PCer and PGalCer in model bilayer membranes,
such microdomains, when present in cellular membranes, could
modulate the ability of BA to activate or inhibit membrane proteins.
Such ability of the lipid environment to affect the ability of BA to
modulate the activity of a membrane protein has indeed been
reported by Mitranic and coworkers [16]. They showed that the
activity of the enzyme bovine milk galactosyltransferase was
inhibited by BA at 37 °C if the enzyme was incorporated into
liposomes prepared from eggPC or DOPC, which at that temperature
both were in a ﬂuid state. In contrast, enzyme inhibition by BA was
attenuated if the enzyme was incorporated, e.g., into liposomes
composed of DPPC or DSPC (1,2-distearoyl-sn-glycero-3-phosphocho-
line) that at 37 °C existed in the gel phase. However, it was clearly
demonstrated by our results that the degree of acyl chain saturation of
each lipid species was not the only factor limiting the ability of BA to
ﬂuidize the bilayers. PSM, DPPC, PCer and PGalCer, despite all being
fully saturated, showed variations in the resistance to BA-induced
thermal destabilization, indicating that also the head group region of
the lipids affected their resistance to ﬂuidization. BA sensitivity was
also shown to be different even in cases in which Tm values were
similar (PSM and DPPC). Variations in the ability of BA to ﬂuidize
membranes of different compositions could also depend on slightly
different partitioning of BA into the membranes.
In conclusion, our results clearly indicate that BA is not able to
uniformely ﬂuidize bilayers. The degree of order in the membranes
as measured by ﬂuorescence anisotropy was not per se the factor
2460 T. Maula et al. / Biochimica et Biophysica Acta 1788 (2009) 2454–2461determining whether BA was able to ﬂuidize the bilayer or not.
Characteristic features of the different membrane compositions
seemed to play a critical role in determining how BA was able to
affect both the ﬂuidity and the lateral organization of the membranes
studied. In general, cholesterol-enriched domains weremore resistant
to BA than pure gel phase domains. However, the highly ordered, high
melting temperature domains formed by PCer and PGalCerwere those
most resistant to ﬂuidization. The limited ability of BA to destabilize
distinct lipid interactions in model membranes suggests that,
likewise, in biological membranes only some regions of the laterally
organized bilayer membranes would be affected by BA. Thus, proteins
and enzymes located in more ﬂuid regions, that are not able to resist
ﬂuidization by BA, would be more likely subjected to BA-induced
effects than proteins in more ordered regions. Taken together, the
ability of BA to selectively modulate the activity of certain membrane
proteins, by increasing membrane ﬂuidity and disorder, could relate
to the differential ability of BA to thermally destabilize membrane
domains of varying contents and degree of order.
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